Aim: WSS25 is a sulfated polysaccharide extracted from the rhizome of Gastrodia elata BI, which has been found to bind to bone morphogenetic protein 2 (BMP-2) in hepatocellular cancer cells. Since BMP-2 may regulate both osteoclasts and osteoblasts, here we investigated the effects of WSS25 on osteoclastogenesis in vitro and bone loss in ovariectomized mice. Methods: RAW264.7 cells or mouse bone marrow macrophages (BMMs) were treated with RANKL to induce osteoclastogenesis, which was assessed using TRAP staining, actin ring formation and pit formation assays, as well as bone resorption assay. Cell viability was detected with MTT assay. The mRNA levels of osteoclastogenesis-related genetic markers (TRAP, NFATc1, MMP-9 and cathepsin K) were detected using RT-PCR, while the protein levels of p-Smad1/5/8 and Id1 were measure with Western blotting. WSS25 was administered to ovariectomized mice (100 mg· kg
Introduction
Bone is a dynamic tissue that is continuously destroyed and reformed by a series of highly regulated process, including bone resorption by osteoclasts and bone formation by osteoblasts [1] . Osteoporosis is a progressive bone disease characterized by low bone density that results from an imbalance between osteoclast and osteoblast activities [2, 3] . Two essential factors involved in osteoclast formation are the receptor activator of nuclear factor kappa B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) [4, 5] . RANKL specifically regulates the process of osteoclast formation by activating the receptor activator of NF-κB (RANK) or its decoy receptor osteoprotegerin (OPG) on mononuclear precursors of monocytes/macrophages [6] . M-CSF plays an important role in survival and proliferation of osteoclast precursors, and disruption of M-CSF in mice prevents osteoclastogenesis and hence induces osteopetrosis [7] . RANKL binds to its physiologic receptor RANK, a member of the tumor necrosis factor receptor (TNFR) superfamily, and activates specific signaling pathways including the NF-κB, c-Jun N-terminal kinase (JNK), p38, and extracellular signalregulated kinase (ERK) pathways [8] [9] [10] . Moreover, it has been suggested that nuclear factor of activated T cells (NFATc1) is crucial for osteoclast differentiation and that it is upregulated by RANKL through activation of the NF-κB and JNK/AP-1 signaling pathways [11] . In addition, NFATc1 directly regulates the expression of osteoclastogenesis-related marker genes, including tartrate-resistant acid phosphatase (TRAP), matrix metalloproteinase 9 (MMP-9), and cathepsin K [12] . Bone morphogenetic proteins (BMPs), which compose a subclass of the transforming growth factor-β (TGF-β) superfamily, play important roles in skeletal development [13] . It has been reported that BMP-2 may regulate both osteoclasts and osteoblasts and that it may directly promote RANKL-induced osteoclast differentiation [14, 15] . After binding to its type I or II receptors (BMPR-IA, BMPR-IB, and BMPR-II), BMP-2 promotes the phosphorylation of Smad1/5/8 and activates the transcription of target genes. One of these target genes is Id1 (inhibitor of differentiation or DNA binding), which is a negative regulator of cell differentiation and a positive regulator of cell proliferation [16, 17] . Id1 gene knockout reduced bone mass and increased bone fragility in mice, and loss of Id1 increased osteoclast differentiation and resorption activity in vivo and in vitro [18] . In addition, noggin is an endogenous inhibitor of BMPs that can bind to BMP-2 and block the interaction between BMP-2 and its receptors [19] . Moreover, noggin dosedependently decreased osteoclast formation in vitro [20] . Overexpression of noggin clearly impaired osteoclast formation and reduced osteoclastic bone resorption, while recombinant BMP-2 rescued it, in vivo [13] . Currently, therapeutic drugs for osteoporosis act mainly by suppressing osteoclast resorption and/or increasing osteoblast formation. However, drugs used for these clinical treatments are far from ideal. For example, bisphosphonates accumulate in bone and are released for many months or years after treatment is stopped [21] . Bisphosphonates are also poorly absorbed and can induce severe hypocalcemia in patients with hypoparathyroidism and renal damage [22] . Another drug, parathyroid hormone (PTH), stimulates bone formation, but this treatment is limited to two years of use due to concerns regarding osteosarcomas [23] . In addition, estrogen replacement therapy, which is frequently used by postmenopausal women, has been associated with an increasing risk of coronary heart disease and ovarian cancer when used as a long-term treatment [24] . Due to these side effects and the limitations of long-term treatment, new drugs with fewer side effects are urgently needed for the treatment of osteoporosis.
WSS25, a sulfated derivative of an α-1-4-linked glucan with an α-1-4-linked glucan branch attached at O-6, was extracted from the rhizomes of Gastrodia elata BI [25] . A previous study in our lab demonstrated that WSS25 binds to BMP-2 and that its receptors inhibited xenografted hepatocellular cancer cell growth and disrupted angiogenesis [26] [27] [28] . As we mentioned above, BMP-2 is also a crucial factor in bone remodeling. We therefore explored the function of and precise mechanisms involved in the effect of WSS25 on RANKL-induced osteoclastogenesis in this study.
Materials and methods
Reagents WSS25 (M w =8.64×10 5 g/mol, polydispersity calculated from M w /M n is 2.61) was prepared in this laboratory as previously described [25] . Alpha Dulbecco's modified Eagle's medium (α-DMEM) was purchased from Invitrogen (Carlsbad, CA, USA), and fetal bovine serum (FBS) was purchased from GIBCO-BRL (Grand Island, NY, USA). Recombinant murine RANKL was purchased from Peprotech (Rocky Hill, USA). M-CSF and noggin were purchased from R&D Systems (Minneapolis, MN, USA). Recombinant bone morphogenetic protein-2 (BMP-2) was obtained from Shanghai PrimeGene BioTech Co, Ltd (Shanghai, China). Antibodies for p-Smad1/5/8 and β-actin were purchased from Cell Signaling Technology (USA). Antibodies for Id1, BMPR IA, BMPR IB, and BMPR II were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, USA). MTT and tartrate-resistant acid phosphatase (TRAP) staining kits were purchased from Sigma (St Louis, MO, USA). Alkaline phosphatase kits were purchased from Beyotime Biotechnology (Shanghai). The Moloney murine leukemia virus (M-MLV) reverse transcriptase and reverse transcription PCR reagent kits were purchased from Takara Biotechnology (Dalian, China). Strontium ranelate and 17 beta-estradiol were purchased from Melone Pharmaceuticals (Dalian, China). Raw264.7 cells were purchased from the Cell Resource Center of the Shanghai Institutes for Biological Sciences.
Cell culture and tartrate-resistant acid phosphatase (TRAP) staining Bone marrow cells were prepared by removing femurs from 6-week-old female ICR mice and flushing the bone marrow cavity with α-DMEM containing 10% FBS, as previously described [29] . Bone marrow cells were cultured overnight with M-CSF (5 ng/mL). On the following day, non-adherent cells were further cultured with M-CSF (20 ng/mL) for 3 d. Adherent cells were used as bone marrow derived monocytes (BMMs). BMMs and RAW264.7 cells were cultured with α-DMEM containing 10% FBS in a humidified incubator at 37°C with 5% CO 2 . For TRAP staining, BMMs (5×10 4 cells/ well) were cultured with M-CSF (20 ng/mL) and RANKL (50 ng/mL) in the presence or absence of different concentrations of WSS25 (2.5, 5, or 10 μg/mL). After 7 d, the cells were fixed and stained using a TRAP kit according to the manufacturer's protocol. TRAP-positive multinucleated cells with more than two nuclei were counted as osteoclasts. RAW264.7 cells (1×10 5 cells/well) were stimulated with RANKL (50 ng/mL) and treated with different concentrations of WSS25. Four days later, the cells were fixed and stained with a TRAP kit and osteoclasts were counted under light microscopy.
Cytotoxicity test
The MTT method was employed to study the cytotoxicity of WSS25. BMMs and RAW264.7 cells were treated with various 0×10 5 cells/mL, 0.1 mL/well) for three days. MTT solution (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylterazolium bromide, 5 mg/mL; 10 µL/ well) was added to the wells and the plates were incubated at 37°C for 4 h, followed by the removal of the medium and the addition of 200 µL/well DMSO. After shaking at room temperature for several minutes, the absorbance of each well was measured at 490 nm using a spectrophotometer (Thermo Multiskan MK3, Germany).
Actin ring formation and pit formation assay RAW264.7 cells were cultured with RANKL (50 ng/mL) and varying concentrations of WSS25. After 4 d, cells were fixed with 4% paraformaldehyde for 20 min and washed with phosphate buffered saline (PBS) four times. Then, the cells were cultured with fluorescein isothiocyanate (FITC)-phalloidin (5 μg/mL) for 30 min and washed with PBS three times. Cells were then stained for 1 h with 4',6-diamidino-2-phenylindole (DAPI) (1 μg/mL) and imaged under fluorescence microscopy.
Bone resorption assay RAW264.7 cells (1×10 5 cells/mL) were cultured on bovine bone that was sliced as has been previously described [30] . Cells were then stimulated by RANKL (50 ng/mL), with or without WSS25 (10 μg/mL), for 5 d. BMMs (5×10 4 cells/mL) were cultured with M-CSF (20 ng/mL) and RANKL (50 ng/mL), in the presence or absence of WSS25 (10 μg/mL), on bone slices for 7 d. Bone slices were stained with hematoxylin after cells were completely removed. Resorption pits that formed were photographed in three individual visual fields using a microscope (×1000). The resorption areas were analyzed using Image-Pro Plus 6.0 software.
Ovariectomized mouse model and bone mineral density analysis Ovariectomized ICR albino mice were used as an animal model, as previously described [31] . All animal experiments were performed according to the Guidelines for the Institutional Animal Care and Use Committee in Shanghai Institute of Materia Medica, Chinese Academy of Sciences. First, 7 days after ovariectomy, mice were randomly divided into four groups of 6 mice each. The groups were ovariectomized mice (OVX), and ovariectomized mice treated with WSS25 (100 mg/kg body weight), strontium ranelate (SR) (500 mg/kg body weight), or 17 beta-estradiol (25 μg/kg body weight). Sham operations on another 6 mice included the removal of a piece of adipose tissue near the ovary. Every group was fed between 15:00-16:00, every day, by forced oral administration. The body weight of each mouse was measured every 10 days. After 3 months, mice were euthanized and the tibia was removed from the left leg, followed by removal of excess muscle, adipose and other tissues. We measured total bone mineral density (BMD) and cortical bone density (CBD) in the proximal tibia 2.0 mm below the place using peripheral Quantitative Computed Tomography (pQCT) (Stratec, Germany) according to the manufacturer's protocol.
RT-PCR analysis
Reverse transcription PCR was used to analyze the expression of genetic markers of osteoclastogenesis, including, TRAP, NFATc1, MMP-9, and cathepsin K, in RAW264.7 cells. Cells were treated with RANKL (50 ng/mL), with or without WSS25 (2.5, 5 and 10 µg/mL), for 4 d, or stimulated with BMP-2 (100 ng/mL) with or without WSS25 (10 µg/mL), for 1, 2, 3, or 4 d. Then, total RNA was extracted from cells with TRIzol reagent according to the manufacturer's manual. cDNA was synthesized from 1 µg total RNA. TRAP, MMP-9, NFATc1, cathepsin K and 18S were amplified using two oligonucleotide primers with a T m of 51.0, 53.2, 56.0, 51.0 and 56.0 °C, respectively, for 32 cycles. The following primers were used: mouse TRAP forward, 5'-AGACCCAATGC-CACCC-3', and reverse, 5'-GGACCTCCAAGTTCTTATC-3'; mouse MMP-9 forward, 5'-TCCAGTTTGGTGTCGC-3', and reverse, 5'-GTCCACTCGGGTAGGG-3'; mouse NFATc1 forward, 5'-TGGGAGATGGAAGCAAAGAC-3', and reverse, 5'-ATAGAAACTGACTTGGACGGG-3'; mouse cathepsin K forward, 5'-ATGTGGGTGTTCAAGTTTC-3', and reverse, 5'-TCAATGCCTCCGTTCT-3'; mouse 18S forward, 5'-TCCTTTGGTCGCTCGCTCCT-3', and reverse, 5'-TGC-TACCTGGCAGGATCAACCAGGT-3'.
Western blot analysis RAW264.7 cells were treated with different conditions. Cells were then lysed with an equal volume of RIPA solution and protein concentration was determined using a BCA kit. The same amount of protein from each sample was separated by SDS-PAGE and transferred to nitrocellulose (NC) membranes. To block nonspecific binding, the membranes were incubated with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 90 min at room temperature. Then, the membranes were probed with antibodies for 16 h at 4°C with gentle rotation. After washing with TBST four times, the membranes were incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody at 4°C overnight. The membranes were visualized by enhanced chemiluminescence (ECL) using Kodak X-OMAT BT film (Xiamen, China).
shRNA interference and overexpression of Id1
The lentiviral plasmids encoding full-length Id1, a small hairpin RNA (shRNA) that silenced Id1, and a negative control were obtained from the Shanghai GenePharma Company (Shanghai, China). The shRNA vector was co-transfected into 293T cells with the packaging plasmids psPAX and pMD2.G at a ratio of 2:2:1 according to the manufacturer's instructions. The viral supernatant was collected at 48 h and 72 h. The viral supernatant was concentrated at 80 000×g using a HITACHI (CP100MX) centrifuge. Virosomes were resuspended in new medium and stored at -80°C. RAW264.7 cells (2.0×10 5 cells/ well) were seeded into 12-well plates and incubated for 16 h, followed by the addition of the viral solution and incubation for 10 h. The viral solution was then replaced with new medium that contained puromycin (5 μg/mL, Sigma) to Figure 1A and 1B). However, WSS25 significantly inhibited osteoclast differentiation in a dose-dependent manner in both BMMs and RAW264.7 cells ( Figure 1A, 1B, 1C and 1D ). Moreover, WSS25 had no obvious cytotoxic effects on BMMs or RAW264.7 cells at the concentration used to test the inhibitory effect of WSS25 on osteoclastogenesis ( Figure 1E and 1F ).
WSS25 suppresses RANKL-induced actin ring formation and the expression of osteoclastogenesis-related markers Actin ring formation is a prerequisite for the resorption of osteoclasts and is the most distinct marker of mature osteoclasts during osteoclast differentiation [32] . To further investigate the effect of WSS25 on osteoclast differentiation, we examined whether WSS25 blocks RANKL-induced actin ring formation in osteoclasts. After stimulation by RANKL, RAW264.7 cells differentiated into mature osteoclasts and formed obvious actin ring structures (Figure 2A) . However, the number and size of actin rings gradually decreased as WSS25 concentrations increased (2.5, 5 and 10 μg/mL) ( Figure  2B and 2C ). This indicated that WSS25 inhibited the formation of actin rings in a dose-dependent manner.
RANKL is required to induce the expression of nuclear factor of activated T cells (NFATc1) and osteoclastogenesis related markers, including TRAP, cathepsin K, and MMP-9 [3] . Cathepsin K and MMP-9 are secretory matrix-degrading enzymes that participate in the process of bone resorption [3] . To investigate the influence of WSS25 on the expression of RANKL-induced genes, RAW264.7 cells were treated with different concentrations of WSS25 for 4 d before the mRNA expression levels of NFATc1, cathepsin K, MMP-9 and TRAP were analyzed by reverse transcription PCR. The RANKLinduced expression levels of NFATc1, cathepsin K, MMP-9 and TRAP were significantly inhibited by WSS25 ( Figure 2D and 2E).
WSS25 suppresses osteoclastogenesis in the early stage
Mature osteoclasts are large and multinucleated cells that develop through a series of processes, including proliferation, differentiation and mature osteoclast formation [33] . To identify at which stage WSS25 suppressed osteoclast forma- 
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Acta Pharmacologica Sinica npg tion, its inhibitory effect on osteoclastogenesis in BMMs and RAW264.7 cells were investigated by adding WSS25 at different time points after RANKL/M-CSF induction. In BMMs, the number and size of TRAP-positive osteoclasts clearly decreased when WSS25 treatment was administered between days 2-5, but there was no such effect when WSS25 treatment followed induction by more than 5 d ( Figure 3A and 3C) . Similarly, WSS25 significantly blocked osteoclast formation in RAW264.7 cells when treatment occurred between days 2-3, whereas there was no such effect by WSS25 treatment when it followed induction by more than 3 days ( Figure 3B and 3D) . These results suggest that WSS25 inhibits RANKL-induced osteoclast formation during an early stage of osteoclastogenesis.
WSS25 inhibits osteoclastic bone resorption
To further investigate whether WSS25 suppresses the bone resorption function of osteoclasts, bone resorption assays were performed on RAW264.7 cells and BMMs. RAW264.7 cells were cultured on a bovine bone slice and induced by RANKL, with or without WSS25, for 5 d. Mature osteoclasts resorbed the bone and consequently formed resorbing pits on the slices after RANKL induction ( Figure 4A ). However, the number of pits and the resorption area on the surface were decreased after WSS25 treatment ( Figure 4A , 4B and 4C). Moreover, when BMMs were cultured on a bone slice stimulated by M-CSF and RANKL, in the presence or absence of WSS25, for 7 d, the number of pits and the resorption area on the surface of the bone slices were also notably decreased ( Figure 4D , 4E and 4F).
WSS25 reduces ovariectomy (OVX)-induced bone loss
It has been suggested that the main reason for postmenopausal osteoporosis is bone loss caused by estrogen deficiency, which is accompanied by the production of osteoclastogenesis-related cytokines [34, 35] . To explore whether WSS25 reduces OVX-induced bone loss, an OVX mouse model was employed to mimic postmenopausal bone loss in women [36] . Strontium ranelate (SR) decreased osteoclast bone resorption, increased bone formation, and prevented the bone loss normally induced by estrogen deficiency in the OVX model [37] . 17β-Estradiol also prevented OVX-induced bone loss in mice [38] . Therefore, SR and 17β-estradiol were used as positive controls. As shown in Figure 5A and 5B, OVX mice showed a significant decline in total bone mineral density (BMD) and cortical bone density (CBD) when analyzed using pQCT measurements. However, WSS25 markedly increased BMD and CBD in OVX mice, and SR and 17β-estradiol prevented OVX-induced bone loss (Figure 5A , 5B). Compared with the sham-operated group, WSS25 had no obvious effect on body weight over 90 days at the concentration tested ( Figure 5C ). These data suggest that WSS25 reduces ovariectomy-induced bone loss in vivo. 
cells
As we have previously reported, WSS25 binds to BMP-2 to block downstream Smad1/5/8 and Id1 signaling pathways [26] . To explore the mechanisms contributing to the inhibitory effect of WSS25 on osteoclast formation, RAW264.7 cells were stimulated with RANKL and treated with WSS25 for 22 h, followed by measurements of the phosphorylation of Smad1/5/8 by Western blot analysis. The phosphorylation of Smad1/5/8 was significantly promoted by RANKL. However, 10 μg/mL of WSS25 efficiently blocked RANKL-induced phosphorylation of Smad1/5/8 ( Figure 6A ). Noggin, a BMP-2 endogenous antagonist, had an inhibitory effect similar to that of WSS25 ( Figure 6B ). As the direct intracellular effectors of BMP-2, phosphorylated Smad1/5/8 was also promoted by exogenous BMP-2 in RAW264.7 cells ( Figure 6C ). However, WSS25 or noggin blocked the BMP-2 induced phosphorylation of Smad1/5/8 ( Figure 6D ).
It has been suggested that BMP-2 promotes bone formation by osteoblasts. However, other studies have shown that BMP-2 induces osteoclast differentiation [15, 39, 40] . To understand the mechanisms underlying the mediation of RANKLinduced osteoclast differentiation by WSS25, we investigated the RANKL-induced protein expression level of BMP-2 in RAW264.7 cells. RAW264.7 cells were stimulated with RANKL and treated with WSS25 from 0 to 4 d, followed by analysis of BMP-2 expression by immunoblotting ( Figure  6E ). The results indicated that BMP-2 expression was gradually increased by RANKL and that WSS25 blocked RANKLinduced increases in BMP-2 expression.
Osteoclast formation induced by RANKL can be enhanced by BMP-2 and blocked by WSS25 in RAW264.7 cells To study the influence of BMP-2 on osteoclast differentiation, RAW264.7 cells were incubated with BMP-2, RANKL, or both in the presence or absence of WSS25 or noggin for 4 d. TRAPpositive, multinucleated, osteoclast-like cells were stained. RAW264.7 cells did not differentiate into multinucleated osteoclasts following stimulation by BMP-2 alone ( Figure 7A ). However, when cells were treated with suboptimal RANKL (20 ng/mL), administered at less than half of the effective dose, a modest number of relatively small, multinucleated osteoclasts were observed. The addition of BMP-2 markedly enhanced the number and average diameter of TRAP-positive osteoclasts that were induced by suboptimal RANKL ( Figure  7A, 7B and 7C ). The addition of WSS25 or the BMP-2-antagonist noggin significantly inhibited the osteoclast formation that was induced by BMP-2 and suboptimal RANKL ( Figure  7A , 7B and 7C). To investigate whether endogenous BMP-2 signaling is a prerequisite for the differentiation of osteoclast precursor cells, RAW264.7 cells were incubated with RANKL (50 ng/mL) and treated with the endogenous BMP-2 antagonist noggin or WSS25. As shown in Figure 7D , noggin and WSS25 sharply blocked osteoclast formation, indicating that the endogenous BMP-2 signaling pathway also participates into osteoclastogenesis. Figure 8A ). When cells were treated with noggin for 22 h, the expression of Id1 was also inhibited. This inhibitory effect was similar to that of WSS25 ( Figure 8B ). In addition, the expression of Id1 was gradually increased by BMP-2 from 0 to 60 min of treatment in RAW264.7 cells (Figure 8C) . However, after treatment with WSS25 or noggin for 60 min, BMP2-induced Id1 expression was significantly suppressed ( Figure 8D ). To examine whether Id1 plays a role in RANKL mediated osteoclast differentiation, Id1 was knocked down in RAW264.7 cells down by retroviral infection with Id1-shRNA. The expression of Id1 was markedly decreased after infection, as shown by analysis using reverse transcription PCR and Western blot analysis ( Figure 8E ). Cells were then treated with RANKL for 4 d, followed by staining to measure TRAP expression. The formation of RANKL-induced osteoclasts was significantly decreased when Id1 expression was disrupted in RAW264.7 cells ( Figure 8E ). To confirm the role of Id1 in RANKL-induced osteoclastogenesis, Id1 knockdown cells were infected with an Id1-overexpressing retrovirus ( Figure  8F ). Id1 overexpressed cells were treated with RANKL for 4 d, followed by TRAP staining. The results indicated that overexpressed Id1 partly rescued the formation of osteoclasts in Id1 knockdown cells. These data suggest that Id1 is crucial for RANKL-induced osteoclastogenesis in RAW264.7 cells and that Id1 is likely a downstream effector of WSS25 that is involved in the inhibition of osteoclast formation.
Discussion
Bone is constantly updated, and under normal physiological conditions, maintains homeostasis through the formation of osteoblasts and resorption by osteoclasts. However, redundant RANKL signaling increases the formation and resorption of osteoclasts, leading to pathologic and osteopenic diseases that include postmenopausal osteoporosis, rheumatoid arthritis, lytic bone metastasis, periodontitis, and bone tumors [39] . Therefore, the downregulation of RANKL and its downstream signaling effectors may be a valuable approach used to treat osteoclast related diseases [41] . WSS25 has been suggested as a tumor angiogenesis inhibiting drug candidate for hepatocellular cancer therapy [26] , and it may inhibit angiogenesis in tumors by downregulating Dicer and microRNA-210 [26, 28] . Surprisingly, we found that WSS25 blocked RANKL-induced osteoclastogenesis, actin ring formation, bone resorption, and osteoclastogenesis-related gene marker expression, including TRAP, NFATc1, cathepsin K, and MMP-9, in vitro. In addition, WSS25 reduced ovariectomy-induced bone loss in vivo. BMP-2 enhanced RAW264.7 cell differentiation in the presence of a suboptimal dose of RANKL, but the induction of osteoclasts by RANKL was largely blocked by WSS25. This was at least partially because the phosphorylation of Smad1/5/8 and Id1 were impaired by WSS25, because RANKL-induced osteoclast differentiation was promoted by Id1 and its signaling pathway. The NF-κB, p38, and JNK signaling pathways were not affected by WSS25, while a modest effect on the ERK signaling pathway was induced by WSS25 (data not shown).
Previous studies showed that BMP-2 and BMP receptors [15, 42, 43] . A BMP-2 antagonist, noggin, impaired the RANKL-induced differentiation of osteoclast-like cells in RAW264.7 cells [42] . Overexpressing noggin in mice attenuated BMP activity, increasing bone volume and decreasing the number of osteoclasts. This effect was rescued by recombinant BMP-2 [44] . It was also reported that BMPR-IA and BMPR-IB might negatively regulate the differentiation of osteoclasts, and BMPR-II is expressed in the [44, 45] . In this study, we found that the expression of BMP-2 was gradually increased in RANKL-induced RAW264.7 cells, but that WSS25 blocked this effect. Moreover, the expression of the BMP receptors BMP-IB and BMP-II were increased by RANKL in a time dependent manner, but WSS25 had no significant effect on this increase (data not shown). These results suggest that WSS25 impairs the RANKL-induced differentiation of osteoclasts in RAW264.7 cells by suppressing BMP-2 signaling.
Furthermore, we demonstrated that WSS25 inhibited the phosphorylation of Smad1/5/8 in RAW264.7 cells. Id1 and Id3, downstream effectors of Smad1/5/8, have partially overlapping functions and can compensate for each other [46] . Interestingly, WSS25 significantly inhibited RANKL-induced Id1 expression but had little effect on RANKL-induced Id3 expression in RAW264.7 cells (data not shown). Generally, Id proteins have dual functions whereby they inhibit cell differentiation and stimulate cell proliferation. We found that Id1 gene knockdown suppressed RANKL-induced osteoclastogenesis in RAW264.7 cells. Furthermore, overexpression of Id1 partially rescued Id1 silencing by shRNA in RAW264.7 cells. The above data suggest that WSS25 inhibits RANKL-induced osteoclast differentiation by impairing the function of Id1, but not Id3. These results suggest that WSS25 impairs the differentiation of osteoclasts by downregulating BMP-2 signaling.
Moreover, as a type of macromolecule, polysaccharides are suspected of oral absorption. It has been reported that β-1-3-glucan is absorbed by intestinal epithelial cells after oral administration [47, 48] . In addition, in a Caco-2 cell absorption model, we found that the apparent permeability coefficient (P app ) value of WSS25 was higher than 1×10 -6 cm/s, which These cells were treated with RANKL (50 ng/mL) for 4 d before they were stained with TRAP and photographs were taken (×100). 
